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Synthesis of the cyclic nucleotide c-di-AMP has been reported for a number of bacteria, but the physiological
role of this apparently essential secondmessenger has remained unclear. In this issue ofCell Host &Microbe,
Whiteley et al. (2015) elucidate the pathways linking c-di-AMP with the appropriate regulation of bacterial
metabolism.
Fluency in a common language allows in-
dividuals to convey information and carry
out complex activities that would be diffi-
cult or even impossible to coordinate
without the benefit of shared communi-
cation. Nucleotide second messengers
serve as internal cell communication
systems, coordinating cellular processes
and conveying information in languages
that we are often only just beginning to
understand. Since the first discovery of
the second messenger c-di-AMP from
Thermotoga maritima in 2008, interest in
understanding the communication net-
works tied to this intriguing signal has
expanded exponentially as more and
more organisms are associated with the
use of this cyclic nucleotide messenger
(Commichau et al., 2015; Corrigan and
Gru¨ndling, 2013). c-di-AMP joins a family
of well-described nucleotide messengers
that includes cAMP, c-di-GMP, (p)ppGpp,
and cGMP, all of which have been asso-
ciated with the regulation of a diverse
variety of cellular pathways. c-di-AMP is
produced from two molecules of ATP via
the enzymatic activity of diadenylate
cyclase, which contains a DAC protein
domain, the only domain identified
with the synthesis of c-di-AMP thus far
in vivo. Specific phosphodiesterases that
degrade c-di-AMP are also produced
and function to maintain the careful bal-
ance of conversation needed to regulate
various cellular processes and to prevent
a toxic buildup of the signaling molecule.
Interestingly, c-di-AMP was shown to
participate in a dialog between a bacterial
pathogen and a host cell upon secretion
of the molecule by Gram-positive faculta-
tive intracellular pathogen Listeria mono-
cytogenes into the cytosol of infected
host cells, where c-di-AMP serves to
stimulate the production of IFN-b (Wood-
ward et al., 2010). L. monocytogenes-
secreted c-di-AMP triggers the cytosolic
surveillance pathway (CSP), a host innate
immune response that requires the host
receptors STING and DDX41 (Commi-
chau et al., 2015; Corrigan and Gru¨ndling,
2013; Crimmins et al., 2008; Sauer et al.,
2011). Interestingly, L. monocytogenes
secretion of c-di-AMP occurs not only
within the cytosol of infected cells where
it serves as a PAMP (pathogen associated
molecular pattern) but also during growth
in broth culture; however, the relationship
between c-di-AMP secretion and bacte-
rial physiology has been unclear (Sureka
et al., 2014; Witte et al., 2013). One diffi-
culty in the elucidation of the function
of c-di-AMP in bacteria has been that,
in contrast to other nucleotide second
messengers, c-di-AMP has appeared to
be essential to the bacterial cell (Commi-
chau et al., 2015; Corrigan and Gru¨ndling,
2013). Attempts to delete the dac gene
whose product is required for c-di-AMP
synthesis have been unsuccessful in
numerous bacteria, complicating mutant
analyses and resulting in the use of alter-
native methods such overexpression of
the degrading phosphodiesterases, de-
leting the phosphodiesterases, and the
use of conditional dac depletion mutants.
These approaches implicated important
roles for L. monocytogenes c-di-AMP in
bacterial growth and cell wall stability,
which is consistent to what has been
reported for other bacteria (Commichau
et al., 2015; Witte et al., 2013). However,
the absence of a complete dac deletion
mutant has meant that those interested
in the detailed exploration of c-di-AMP
function have only had access to a limited
part of the cellular conversation.
But now c-di-AMP linguists can take
heart—in this issue of Cell Host &
Microbe, Whiteley and colleagues report
a full deletion of the dacA gene in
L. monocytogenes and an explora-
tion of c-di-AMP function (Whiteley
et al., 2015). Deletion mutants of the
L. monocytogenes dacA gene were ob-
tained using a clever and innovative
approach recently described in a paper
authored by the same lab (Reniere et al.,
2015). The modified approach makes
use of an inducible cre-lox system in
which loxP sites are inserted into the
bacterial chromosome flanking the dacA
gene. The cre recombinase is expressed
from the L. monocytogenes actA pro-
moter that is highly expressed within
the cytosol of host cells but not in broth
media. dacA deletion mutants were
obtained following the infection of
mammalian host cells, in this case
cultured macrophages. Five independent
dacA deletion mutants were initially
selected and, as expected, all grew poorly
in nutrient-rich BHI media. Given the pre-
vious evidence that suggested that dacA
is an essential gene (Witte et al., 2013;
Woodward et al., 2010), Whiteley et al.
(2015) sequenced the genomes of the
five dacA deletion mutants to identify
any potential suppressor mutations that
enabled isolation of strains lacking dacA.
Interestingly, four of the five mutants
contained mutations in the oppA operon,
an oligopeptide transport system previ-
ously associated with the uptake of small
peptides, growth at low temperatures,
and virulence in the early stages of
bacterial infection. The remaining DdacA
and thus far most informative mutant con-
tained a point mutation (R295S) in the
synthase domain of relA, a penta- and
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tetraphosphate [(p)ppGpp] synthase and
hydrolase. (p)ppGpp is a second
messenger linked to carbon metabolism
and the stringent response that is induced
during nutrient starvation in numerous
bacteria (Bennett et al., 2007). Screening
of additional DdacA-isolated mutants
indicated that almost 95% of suppressor
mutations mapped within the oppA
operon, with a small number containing
mutations in different regions of the syn-
thase domain of relA as well as others of
unknown function.
RelA synthesizes (p)ppGpp in response
to starvation during the stringent response
by transferring two phosphates from
ATP to GTP or GDP to produce pppGpp
or ppGpp, respectively (Bennett et al.,
2007). L. monocytogenes contains two
additional proteins, RelP and RelQ, that
also synthesize basal amounts of (p)
ppGpp, but RelA is the predominate
enzyme and is the only one that has both
synthase and hydrolase domains. To
investigate how the relAR295S suppressor
mutation provided for bacterial growth in
the absence of dacA, the mutation was
introduced in a wild-type strain and in
direct contrast to wild-type strains, this
single mutant exhibited no accumulation
of (p)ppGpp under conditions of starva-
tion. The relAR295S mutation thus sup-
pressed the essential nature of dacA by
reducing (p)ppGpp that accumulated as
a result of the loss of dacA. Using a series
of elegant experiments to work through
inter-connections of signaling pathways,
Whiteley et al. (2015) demonstrate that
the essential nature of c-di-AMP appears
to be tied to regulation of (p)ppGpp levels,
in that high levels of accumulated (p)
ppGpp indirectly inhibit GTP synthesis
which in turn leads to the inactivation of
the metabolic regulator CodY, ultimately
disturbing a balance required for both
normal bacterial growth and the establish-
ment of a productive infection (Figure 1).
dacA was found to be non-essential for
growth under conditions that naturally
lead to the deactivation of CodY, such as
growth in minimal media where the CodY
regulator is no longer bound to its DNA
targets and as a result biosynthetic
operons are expressed to adapt to these
nutrient limited conditions. Under these
conditions, in-frame DdacA deletion mu-
tantswere readily obtained in the absence
of any suppressor mutations.
Whiteley et al. (2015) thus provide a
deeper understanding of the function of
c-di-AMP and the complex networks gov-
erning L. monocytogenes metabolism
and bacterial adaption to different envi-
ronmental conditions. It remains to be
seen whether the same regulatory loop
exists in other bacteria that produce
c-di-AMP, which would help unify the
role of this nucleotide messenger. It is
intriguing that a vastmajority of theDdacA
second site suppressor mutations map-
ped to the oppA region. It seems possible
that the uptake of peptides that serve as
nutrient sources via OppA-related trans-
port may be linked through starvation to
the c-di-AMP regulatory circuit. Another
interesting question is how and why
c-di-AMP interacts with so many diverse
proteins involved in different cellular
processes (Commichau et al., 2015; Cor-
rigan and Gru¨ndling, 2013; Sureka et al.,
2014). Lastly, why is c-di-AMP secreted
by L. monocytogenes both inside and
outside of host cells? Clearly there is
much still to be learned by developing
fluency in the physiological conversations
governed by c-di-AMP.
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Figure 1. The Essential Role of c-di-AMP inMaintaining Low Levels of Intracellular (p)ppGpp
Left: in wild-type L. monocytogenes cells, (1) the diadenylate cyclase gene, dacA, encodes an enzyme that
synthesizes c-di-AMP from two molecules of ATP; (2) some c-di-AMP is secreted from the bacteria
through MDRs (multidrug efflux pumps); (3) c-di-AMP within the bacterial cell reduces the levels of intra-
cellular (p)ppGpp produced from the gene product of relA, a guanosine penta- and tetraphosphate syn-
thase and hydrolase; (4) (p)ppGpp is an inhibitor of GTP synthesis, but c-di-AMP keeps the levels of (p)
ppGpp low, which results in an increase in the pool of available GTP; (5) high concentrations of GTP acti-
vate the global metabolic regulator CodY, where (6) GTP-bound CodY actively binds DNA and represses
the expression of genes involved in adapting to starvation conditions. Right: (1) in a DdacAmutant, (2) the
intracellular levels of (p)ppGpp increase, (3) resulting in a decrease in the amount of available GTP; (4)
reduced levels of GTP and CodY repression of biosynthetic gene expression no longer occurs, leading
to a metabolic imbalance in the bacterial cell. Second site suppressor mutations within relA, which serve
reduce the intracellular pools of (p)ppGpp, compensate for the lack of dacA and the loss of c-di-AMP.
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